6 1 3 a r t I C l e S Midbrain dopaminergic neurons, including those of the SNc, are important for a variety of brain functions, including voluntary movement and the encoding and prediction of behaviorally relevant stimuli 1,2 . The release of dopamine in their principal target region, the striatum, depends on their firing rate and pattern 2, 3 , which results from the interactions between the intrinsic membrane properties that endow autonomous pacemaking activity and the synaptic inputs that modify firing in a task-and stimulus-dependent manner 4,5 . Midbrain dopaminergic neurons can encode behaviorally salient events, such as unexpected rewards and aversive stimuli, through phasic increases (bursts) and decreases (pauses) in firing 2,6-10 . Bursting activity is promoted by glutamatergic and cholinergic afferents 4,5 , suppressed by GABA 11 , and results in transient increases in the release of dopamine in targets 2, 3 . Inhibitory responses are mediated by GABAergic afferents 11 . However, not all dopaminergic neurons respond in a specific way to a given stimulus 2 , perhaps indicating that subpopulations of neurons are responsive to different stimuli and/or differentially encode the salience, motivational or alerting values of stimuli [6] [7] [8] [9] [10] . For instance, in the rat SNc, most dopaminergic neurons are unresponsive to noxious stimuli, but a small proportion is inhibited 7 .
Midbrain dopaminergic neurons, including those of the SNc, are important for a variety of brain functions, including voluntary movement and the encoding and prediction of behaviorally relevant stimuli 1, 2 . The release of dopamine in their principal target region, the striatum, depends on their firing rate and pattern 2, 3 , which results from the interactions between the intrinsic membrane properties that endow autonomous pacemaking activity and the synaptic inputs that modify firing in a task-and stimulus-dependent manner 4, 5 . Midbrain dopaminergic neurons can encode behaviorally salient events, such as unexpected rewards and aversive stimuli, through phasic increases (bursts) and decreases (pauses) in firing 2, [6] [7] [8] [9] [10] . Bursting activity is promoted by glutamatergic and cholinergic afferents 4, 5 , suppressed by GABA 11 , and results in transient increases in the release of dopamine in targets 2, 3 . Inhibitory responses are mediated by GABAergic afferents 11 . However, not all dopaminergic neurons respond in a specific way to a given stimulus 2 , perhaps indicating that subpopulations of neurons are responsive to different stimuli and/or differentially encode the salience, motivational or alerting values of stimuli [6] [7] [8] [9] [10] . For instance, in the rat SNc, most dopaminergic neurons are unresponsive to noxious stimuli, but a small proportion is inhibited 7 .
We hypothesized that the functional heterogeneity of SNc dopaminergic neurons is a consequence of differences in the architecture and afferent connectivity of their dendrites. Although the wiring diagram of SNc dopaminergic neurons at the population level has been partially elucidated with respect to their multiple inputs [11] [12] [13] [14] [15] [16] , precise definition of relationships between structure and function necessitates correlative analysis of connectivity at the level of individual identified neurons whose activity has been characterized in intact circuits. We tested our hypothesis by first recording and labeling functionally diverse single SNc neurons in vivo and then, after verifying their dopaminergic phenotype, reconstructing their somatodendritic domains and carrying out a stereological analysis at the ultrastructural level of the number and distribution of glutamatergic and GABAergic afferent synapses. Our results establish a direct correlation between dendritic architecture, synaptic innervation and in vivo responses to salient stimuli, thus defining the structural substrates underlying the functional heterogeneity of midbrain dopaminergic neurons.
RESULTS

Dendritic architecture of SNc dopaminergic neurons
To correlate the in vivo electrophysiological properties with the dendritic architecture and innervation of individual dopaminergic neurons, we extracellularly recorded action potential discharges from single neurons of the substantia nigra (Fig. 1a,b ) in anesthetized rats, tested their responses to standardized aversive sensory stimuli (see below) and then juxtacellularly labeled the same neurons with neurobiotin 7, 17 . We identified the neurobiotin-labeled neurons as dopaminergic by their expression of the catecholamine synthetic enzyme tyrosine hydroxylase (Fig. 1c-e) . Of the dopaminergic neurons located in the SNc (Fig. 1f) , we selected those that had complete labeling of their soma and dendrites with the neurobiotin, a condition that was essential to effectively carry out the anatomical analyses. These neurons came from a larger pool of recorded and labeled neurons whose firing characteristics were recently detailed 7 . The investigators (P.H. and A.N.) were blinded to the electrophysiological characteristics of the neurons during the anatomical analyses.
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VOLUME 15 | NUMBER 4 | APRIL 2012 nature neurOSCIenCe a r t I C l e S To examine the dendritic architecture of labeled dopaminergic neurons and facilitate the systematic sampling of their afferent inputs, we digitally reconstructed the cells from serial 50-µm-thick sections under high magnification (Fig. 2a Fig. 1 ). We found no differences in dendritic size, complexity and relative extension into SNr between calbindin-positive and calbindin-negative dopaminergic neurons (P > 0.05, Student's t test; Supplementary Fig. 1 ). In addition, we found no relation between the dorso-ventral position of the cell bodies in the SNc and either the dendritic size or the proportion of dendrites located in the SNr (data not shown; see ref. 20) .
Synaptic innervation of individual dopaminergic neurons
To accurately estimate the number and distribution of synaptic inputs to functionally diverse SNc dopaminergic neurons, we applied stereological methods 22, 23 (see Online Methods) to six recorded, labeled, identified and fully reconstructed neurons. We performed systematic random sampling of synapses formed with the dendrites and cell bodies of the labeled neurons and then counted the synapses using a physical fractionator 22 , which consisted of a 500-nm-thick dissector located at the upper surface of all sections containing the neurobiotinlabeled processes (see Online Methods and Supplementary Table 2). We found that SNc dopaminergic neurons each formed, on average, ~8,000 afferent synapses (Table 1), 61.8% of which were formed with dendrites located in the SNc and 38.2% with dendrites located in the SNr. The glutamatergic synapses were revealed by immunolabeling of the presynaptic terminals for vesicular glutamate transporter type 2 (VGluT2) in five neurons. In four of these, GABAergic synapses were also revealed by immunolabeling alternate sections for the vesicular GABA transporter (VGAT; Figs. 2b and 3a) . The dopaminergic neurons received significantly more GABAergic synaptic inputs (VGAT + , 50.2% of all synapses, n = 4 neurons) than glutamatergic synaptic inputs (VGluT2 + , 31.5% of all synapses, n = 5 neurons; Student's t test, P < 0.05). The remaining 18.3% of synapses were not neurochemically identified, but presumably include glutamatergic (but using a different vesicular transporter 24, 25 , see below), cholinergic 12 and serotonergic 26 terminals.
We next tested whether the proportions of glutamatergic and GABAergic synapses made with the dendrites of the dopaminergic neurons varied according to whether they were in the SNc or the underlying SNr, two subdivisions of the nigra that receive different afferent innervation [13] [14] [15] 20, 21, 27 . We found a significant interaction between the type of synapse and region (vesicular transporter (VGluT2, VGAT) × region (SNc, SNr) as factors, F 1 = 14.3, P < 0.05, two-way ANOVA, n = 5 for VGluT2 and n = 4 for VGAT). Pairwise multiple comparisons (StudentNewman-Keuls post hoc test) revealed that the proportion of glutamatergic synapses was significantly higher on dendrites located in the SNc (35.4%) than on those located in the SNr (20.1%) (P < 0.05), that the proportion of GABAergic synapses was higher on dendrites located in the SNr (68.5%) than on those located in the SNc (43.7%) (P < 0.05), and that the proportion of GABAergic synapses was significantly higher than that of glutamatergic synapses on dendrites located in the SNr (P < 0.05), but not on those located in the SNc (P > 0.05) (Fig. 3b and Table 1 ). These findings indicate that the innervation of dendrites of dopaminergic neurons by neurochemically identified afferents depends on dendrite location (SNc versus SNr), validating earlier qualitative observations at the population level 13 .
We further tested whether the relative extension of dendrites of individual neurons into the SNr was a predictor of the overall levels of glutamatergic or GABAergic innervation. There was a significant correlation between the proportion of dendrites located in the SNr and the proportion of synapses that were GABAergic (Pearson's product moment correlation, R = 0.96, P < 0.05, n = 4 neurons; Fig. 3c ). In contrast, the proportion of glutamatergic synapses was independent of dendritic extension into the SNr (Pearson's product moment correlation, R = 0.08, P > 0.05, n = 5 neurons; Fig. 3c ). These data demonstrate that the proportion of the dendritic field of SNc dopaminergic neurons that extends into the SNr defines the degree of excitatory and inhibitory synaptic afferents that they receive. npg a r t I C l e S
Synaptic density in different subcellular domains
Correlative analysis of synaptic innervation with vector-based digital reconstructions of the same neurons 18 allowed us to quantify synaptic densities on different parts of the somato-dendritic tree. We defined proximal dendrites in the SNc as those within 20% of the distance from the cell body to the furthest dendritic tip in the SNc and distal dendrites as those located in the remaining 80% (Fig. 4a , see Online Methods for criteria). We pooled all SNr dendrites into a single group because, according to the same definition used for SNc dendrites, almost all SNr dendrites were located distally (Online Methods and Fig. 4a ). We precisely localized each randomly sampled synapse (VGluT2 + , VGluT2 -, VGAT + , VGAT -, unidentified) along the somato-dendritic membrane and used a Sholl analysis to extract data for the estimated synapse number and approximate surface area of the neuron. With these data, we estimated values for absolute ( Table 2) and relative (Fig. 4b,c) synaptic densities for the proximal, distal and SNr dendritic compartments (see Online Methods). Synaptic density was higher on dendrites located in the SNr than on proximal or distal dendritic compartments located in the SNc (one-way ANOVA, F 2 = 4.3, P < 0.05; pairwise comparisons, P < 0.05; n = 5 neurons, Student-Newman-Keuls post hoc test; Fig. 4b ). These differences were a result of a denser GABAergic innervation of dendrites in SNr compared with proximal or distal dendrites in SNc (Fig. 4c) . In contrast, the density of glutamatergic synapses was similar in SNc proximal dendrites, SNc distal dendrites and SNr dendrites (two-way ANOVA, significant interaction for vesicular transporters (VGluT2, VGAT) and region (proximal, distal, SNr) factors, F = 4.3, P < 0.05; pairwise comparisons, P < 0.05 for SNr versus proximal SNc, SNr versus distal SNc within VGAT, and VGluT2 versus VGAT within SNr, n = 5 for VGluT2 and n = 4 for VGAT; Fig. 4c ). Because the densities of innervation of proximal SNc and distal SNc dendrites were similar, it is likely that the region in which dendrites are located (SNc versus SNr) is the main determinant of the composition and densities of glutamatergic and GABAergic synapses, rather than distance from the cell body per se.
Glutamatergic and GABAergic innervation of SNc and SNr
To further define the rules that govern the synaptic innervation of these two subcellular compartments, we quantified the npg a r t I C l e S overall proportions of glutamatergic and GABAergic synapses and varicosities in the SNc and SNr and compared them with those forming synaptic contacts with the identified dopaminergic neurons. First, we quantified the proportion of VGluT2 + and VGAT + synapses in the immediate vicinity of the labeled dopaminergic neurons and dendrites using the stacks of serial electron micrographs that were used to define their afferent input (see Online Methods). There was no significant difference between the proportions of VGAT + (40.5 ± 7.6% of total synapses, mean ± s.e.m.) and VGluT2 + (33.1 ± 0.3%) synapses made on unlabeled dendrites in the SNc, but there were significantly more VGAT + (50.6 ± 5.3%) than VGluT2 + (28.8 ± 3.4%) synapses in the SNr (two-way ANOVA with transporters and regions as factors, F = 9.4, P < 0.05; Student-Neuman-Keuls post hoc test, P < 0.05 for pairwise significant comparisons, n = 3). Second, we performed a systematic random sampling of VGAT + , VGluT2 + and VGluT1 + varicosities in the SNc and SNr at the light microscopic level ( Supplementary  Fig. 2 and Online Methods). We included VGluT1 + varicosities in this analysis to give an indication of the proportion of the unlabeled terminals in our electron microscopic analysis that were glutamatergic. As in the ultrastructural analysis, we found no difference between the proportions (percent of all labeled varicosities) of VGAT + (55.3 ± 5.5%) and VGluT2 + (40.6 ± 5.6%) varicosities in SNc, although the proportion of VGAT + varicosities was significantly larger than the proportion of VGluT1 + (4.0 ± 1.0%) varicosities. Consistent with the ultrastructural analysis, the proportion of VGAT + (70.1 ± 2.8%) varicosities was significantly larger than the proportion of VGluT2 + (29.1 ± 2.9%) varicosities in the SNr, as were the differences between the VGAT + and VGluT1 + varicosities (0.8 ± 2.0%), and between the VGluT2 + and VGluT1 + varicosities (each value is the mean ± s.e.m.; two-way repeatedmeasures ANOVA with vesicular transporters and regions as factors, F = 21.6, P < 0.05; Student-Neuman-Keuls post hoc test, P < 0.05 for pairwise significant comparisons, n = 3).
These ultrastructural and light microscopic analyses indicate that the somato-dendritic domains of SNc dopamine neurons in the SNc and SNr receive afferent synaptic input that reflects the synaptic environment in which they are located, at least with respect to GABAergic and glutamatergic inputs. The light microscopic analysis also revealed that VGluT1 + varicosities only account for a small proportion of all of the GABAergic and glutamatergic synapses in both the SNc (4%) and SNr (0.8%), indicating that this class of glutamatergic afferents has a relatively minor contribution to the overall glutamatergic innervation of the substantia nigra and probably also the innervation of individual dopaminergic neurons.
Responses to aversive stimuli correlate with structure Previously, we found that most identified SNc dopaminergic neurons have no response during aversive stimuli (a pinch applied to the hind paw), whereas a small proportion is inhibited 7 . We asked whether this a b 
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heterogeneity is a consequence of differences in dendritic architecture and, thus, synaptic input (Fig. 5) . We retrospectively analyzed the responses of our anatomically characterized neurons (n = 11) to aversive stimuli and divided them into those that were significantly inhibited and those that showed no response, according to previously established criteria based on mean firing rate 7 (see Online Methods). This was possible because none of the SNc neurons were excited according to our criteria, as shown in our previous studies 7 . The neurons inhibited by the stimuli had, on average, a larger proportion of their dendrites extending into the SNr than neurons that did not respond (Student's t test, P < 0.05, n = 5 neurons for inhibition group and n = 6 for no response group; Fig. 5b,c) .
Consistent with our finding that the proportion of GABAergic synapses relates to the proportion of the dendritic field in the SNr, the mean proportion of GABAergic synapses in contact with inhibited neurons was higher than that of neurons that did not respond (ratio of VGAT synapses to total number of synapses = 0.67 and 0.54 for two inhibited neurons (mean = 0.61), and 0.4 for two neurons showing no response; Fig. 5d ), whereas the mean proportion of glutamatergic synapses was similar between the two groups (ratio of VGluT2 synapses to total number of synapses = 0.32, 0.31 and 0.31 for three inhibited neurons, and 0.26 and 0.38 (mean = 0.32) for two neurons showing no response). There was no difference between the two groups of neurons in terms of the total dendritic length (Student's t test, P > 0.05, n = 11 neurons; Fig. 5e ) and the number of dendritic segments (45.0 ± 10.3 for inhibited versus 57.3 ± 8.8 for nonresponsive neurons, Student's t test, P > 0.05, n = 11 neurons). Moreover, the mean baseline firing rates of inhibited and nonresponsive neurons were similar (3.6 ± 1.0 Hz for inhibited versus 2.9 ± 0.3 Hz for nonresponsive neurons; Student's t test, P > 0.05, n = 11 neurons), and baseline firing rates were not correlated with the proportions of dendrites extending into the SNr (R = 0.22, P > 0.05, Pearson's product moment correlation, n = 11 neurons).
To further characterize the relationship between functional properties and morphological characteristics, we tested for a correlation between the proportional change in firing rate in response to the stimulus and the proportion of dendrites extending into the SNr (Fig. 5f ). This analysis included both decreases and increases in firing, irrespective of whether they reached the statistical criteria that we previously used to define the responsiveness of neurons 7 ( Fig. 5c-e) . A larger proportion of dendrites located in the SNr was associated with larger reductions in firing rate (inhibition) during stimulation (R = −0.52, P = 0.052, Pearson's product moment correlation, n = 11 neurons). Together, these data indicate that the relative extension of SNc neuron dendrites into the SNr not only dictates overall GABAergic innervation (Fig. 3c) and the likelihood of neurons being inhibited (Fig. 5c) , but also determines the magnitude of the change in activity in response to aversive stimuli (Fig. 5f) . ) synapses on their dendrites than did nonresponsive neurons. The proportions of glutamatergic (VGluT2 + ) synapses were similar for both groups. Five neurons were analyzed for VGluT2 + synapses (three inhibited, two no response) and four of them for VGAT + synapses (two inhibited, two no response). (e) Inhibited and nonresponsive neurons were not significantly different in size, as measured in terms of total dendritic length (or number of dendritic segments or baseline firing rates before the stimulus delivery). (f) Mean percentage change in firing rate following the stimulus showed a negative correlation with the proportion of dendrites in SNr such that larger proportions of dendrites in SNr of dendrites were associated with larger decreases in rate (R = -0.52, P = 0.052, Pearson's product moment correlation). The data in c, e and f were derived from 11 neurons analyzed at the light microscopy level; five were significantly inhibited and six were not responsive (mean ± s.e.m. for c-e). 
DISCUSSION
We tested the hypothesis that the heterogeneity in the responses of individual dopaminergic neurons to behaviorally relevant stimuli [6] [7] [8] [9] [10] is a consequence of differences in dendritic architecture and glutamatergic and GABAergic synaptic innervation. Our analyses revealed that the likelihood of a dopaminergic neuron being inhibited by aversive stimuli, as well as the magnitude of such inhibition, correlates with the proportion of the dendrites located in the SNr, where they receive a higher proportion of GABAergic inputs. Our findings thus provide a structural basis for the diversity of the functional properties of SNc dopaminergic neurons in vivo.
Our finding that at least ~30% of presynaptic terminals are glutamatergic (VGluT2 + ) and that ~50% are GABAergic is supported by previous immunohistochemical studies of putative glutamatergic and GABAergic terminals in synaptic contact with dopaminergic processes in the substantia nigra 13, 15 . We also found that about one fifth of synaptic terminals were neither GABAergic nor VGluT2 + . Only a small proportion of these were VGluT1 + (4.0% in SNc and 0.8% in SNr of all of the GABAergic and glutamatergic terminals), which are presumably of cortical origin 24, 25 , suggesting that this remainder must also include cholinergic terminals from mesopontine tegmentum 12, 14 and serotonergic terminals from raphe nuclei 26 .
Our single-cell analyses revealed that the proportions of glutamatergic and GABAergic afferent synapses vary throughout the somatodendritic domain of a dopaminergic neuron. Thus, we found that glutamatergic synapses were more numerous on the dendrites and perikaryon located in the SNc than on those located in the SNr (~35% of synapses in the SNc versus ~20% of those in SNr), which may be explained by a lower proportion of GABAergic synapses on SNc dendrites. In contrast, a higher proportion of GABAergic synapses was found on dendrites located in the SNr (~43% of synapses in the SNc versus ~69% of those in SNr), where they were more densely packed, as had been suggested in earlier qualitative analyses 13 . Notably, these proportions reflect the overall proportions of glutamatergic and GABAergic synapses in the SNc and SNr, suggesting that innervation of dopaminergic neuron dendrites is more region specific than cell specific. This supports the notion that the dendrites of SNc dopaminergic neurons that penetrate the SNr define an additional subcellular compartment with different synaptic inputs and different rules of connectivity (Supplementary Fig. 3) .
By being proportionally more numerous and closer to the axon initial segment (located at the soma or a proximal dendrite 4 ), glutamatergic inputs to SNc-located processes may be better suited to drive the activity of dopaminergic neurons than glutamatergic inputs to SNr-located dendrites of the same neurons. Presumably, the efficacy of glutamatergic inputs to SNr dendrites would be further reduced by local interaction with the more numerous GABAergic synapses acting on these dendrites 28, 29 . Our finding that neurons with a smaller proportion of dendrites in the SNr have smaller reductions in activity in response to the aversive stimuli supports this notion. We also found that the approximate densities of glutamatergic synapses did not differ between proximal and distal dendrites in the SNc. Thus, glutamatergic synapses targeting proximal regions may be more effective at driving the activity of dopaminergic neurons 4 , provided that there are no mechanisms in distal dendrites actively scaling up synaptic efficacy 30 . The functional relevance of two dendritic compartments (SNc versus SNr) is further emphasized when considering the segregation of glutamatergic inputs in SNc and SNr. Afferents from the superior colliculus 31 and mesopontine tegmentum 14 , which preferentially target SNc and contain neurons expressing VGluT2 (refs. 32, 33) , are theoretically in a better position to drive dopaminergic neurons than afferents from the glutamatergic subthalamic nucleus 34 that favor the SNr 27 .
The synaptic organization of functionally distinct dopaminergic neurons also sheds lights on the mechanisms that mediate inhibition of firing. Given the higher number, ratio and density of GABAergic inputs to SNr dendrites, inhibitory synapses on dendrites located in the SNr may be more effective at hyperpolarizing or shunting the membrane potential than synapses made with dendrites located in the SNc, thereby allowing distal SNr dendrites to mediate inhibition. Indeed, our results provide structural evidence supporting previous findings that electrical stimulation of SNr is more efficient at eliciting monosynaptic inhibitory postsynaptic potentials in dopaminergic neurons than stimulation in the SNc itself 35 . The lower number, ratio and density of GABAergic synapses that we observed in proximal regions (that is, in the SNc), unlike the innervation of cortical pyramidal cells 36, 37 , SNr or pallidal neurons 16 , may also explain the comparatively lower efficacy of inhibition by GABA of dopaminergic neurons 38, 39 . The multiple GABAergic inputs to the substantia nigra (which include those arising in basal ganglia nuclei 13, 16, 40 that preferentially target the SNr), the rostromedial tegmentum (which preferentially targets the SNc 41 ) and the local collaterals of SNr neurons (which innervate both nigral regions 42 ) may inhibit dopaminergic neurons 40, 41, 43 through parallel actions in these two dendritic compartments.
Our results establish a direct correlation between the dendritic architecture, synaptic innervation and in vivo firing of identified midbrain dopaminergic neurons. These new rules of connectivity have important functional implications. The inhibitory responses of SNc dopaminergic neurons, which, by transiently decreasing dopamine release, contribute to signaling, encoding and learning of non-favorable behavioral contingencies 2, [6] [7] [8] [9] [10] , are related to the relative length of dendrites in the SNr and therefore overall GABAergic innervation. For SNc dopaminergic neurons with dendrites in the SNr, it is tempting to speculate that inhibition is facilitated by the concerted action of brainstem structures innervating the SNc 41, 44 and of basal ganglia nuclei (striatum, pallidum, SNr) 40 , through which the cortex and other high-order forebrain structures may exert a top down control over the their activity 45 . Inhibition of dopaminergic neurons with most of their dendrites in the SNc may be limited to the action of fewer regions, which would include those brainstem structures related to processing and relay of ascending somato-sensory inputs (bottom up control) 44 . Thus, one might conjecture that functional diversity in dopaminergic neurons is a reflection of a differential degree of forebrain control over their activity. A dual forebrain and brainstem influence may be also be seen as an important factor in facilitating inhibition, as we previously found that dopaminergic neurons in SNr, whose somata and entire dendritic field were located in the SNr, were no more likely to be inhibited than SNc neurons 7 . The structural determinants of activity that we describe here are probably relevant to other neurons, including ventral tegmental area dopaminergic neurons, whose diverse functional properties may relate to different degrees or patterns of GABAergic innervation 46 .
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
